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Topics

• Inclusive D semileptonic decays (hep-ex/0604044)

• Form factors, and Vcs, Vcd from D → K/πe+ν

• First measurement of form factors in D → ρe+ν

• Form factors in D+ → K−π+e+ν (PRD 74, 052001 (2006))

• First observation of rare decays D+ → ηe+ν, D0 → K−π+π−e+ν

• Data Sample: 281 pb−1 at the ψ(3770)

• All results are preliminary except D+ → K−π+e+ν published

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 2
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Why D Semileptonic Decays

• D Semileptonic Decays and CKM matrix elements




d′

s′

b′



 =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb









d
s
b



 c
q−

l+
ν

q−
s(d)W+Vcs(d)

• Inclusive semileptonic Decays D → Xe+ν

◦ Lepton spectra and BR’s (theorectical predictions)

• Exclusive D0 → K−e+ν, π−e+ν, etc.:

dΓ

dq2
=

G2
F

24π3
|Vcq|2 p3

P

∣

∣f+(q2)
∣

∣

2

◦ Vcs, Vcd and form factors (test LQCD)
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Advantages of DD̄ production at the ψ(3770)

• large cross section (σDD̄ ∼ 6 nb), low multiplicity (→ clean events)

√
s = ψ(3770)

√
s = Υ(4S)

• Unique kinematics: separate S/B
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• many systematics cancel in B (Double tag)
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Analysis Technique

• How to measure absolute B?

1. D Tagging: one D hadronic decays to tag the D̄ semileptonic decays

. D Tag: Ntag = 2NDD̄Btagεtag

{

Mbc =
√

E2
beam − p2

D

∆E = ED −Ebeam

. D Semilep: Nsig = 2NDD̄BBtagεsig U = Emiss − pmiss peaks @0.

⇒ B =
Nsig/εsig

Ntag/εtag
=

Nsig

Ntagεsig/εtag

2. Without D Tagging: neutrino reconstruction ~pν = ~pevt − (~pchrg + ~pneu)

. D reconstructed by

{

∆E = Ehad +Ee + |~pν | − Ebeam

Mbc =
√

E2
beam − (~phad + ~pe + ~pν)2

. B = ND

2NDD̄ε

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 5
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Single D Tagging
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• ∼308K D0 tag ∼163K D+ tag fully reconstructed
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Inclusive D Semileptonic Decays

mode branching fraction

D0 → Xe+ν (6.46±0.17±0.13)%
∑

excl.

B(D0 → Xe+ν) (6.1±0.2±0.2)%

D+ → Xe+ν (16.13±0.20±0.33)%
∑

excl.

B(D+ → Xe+ν) (15.1±0.5±0.5)%

• consistent with the known exclusive
modes saturating the inclusive BR’s

ΓSL
D+

ΓSL
D0

=
BSL

D+

BSL
D0

× τD0

τD+

= 0.985±0.028±0.015

• consistent with isospin symmetry Extrapolated below pe < 0.2
GeV/c.

• hep-ex/0604044, submitted to PRL.

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 7
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D → K/πe+ν: Tagged and Untagged

Tagged 40% common samples! Untagged

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

1

10

210

D0->pi e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

1

10

210

D0->pi e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0

20

40

60
80

100

120

140

160

180

200

D0->pi e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0

20

40

60
80

100

120

140

160

180

200

D0->pi e nu

699±28

U (GeV)
-0.25 -0.2 -0.15 -0.1 -0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

10

210

310

D0->K e nu

U (GeV)
-0.25 -0.2 -0.15 -0.1 -0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

10

210

310

D0->K e nu

U (GeV)
-0.25 -0.2 -0.15 -0.1 -0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

D0->K e nu

U (GeV)
-0.25 -0.2 -0.15 -0.1 -0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

D0->K e nu

6796±84

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

-110

1

10

D+ ->pi0 e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

-110

1

10

D+ ->pi0 e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0

10

20

30

40

50

D+ ->pi0 e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0

10

20

30

40

50

D+ ->pi0 e nu

295±20

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

1

10

210

D+->Ks e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

1

10

210

D+->Ks e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0

100

200

300

400

500

600

700

800

900

D+->Ks e nu

U (GeV)
-0.25-0.2-0.15 -0.1-0.05 -0 0.05 0.1 0.15 0.2 0.25

Ev
en

ts
/(1

0M
eV

)

0

100

200

300

400

500

600

700

800

900

D+->Ks e nu

2910±55

 ν + e-π  → 0D  ν + e-  K→ 0D

 ν + e0π  → +D  ν + e
0

K  → +D
0

200

400

600

800

0

2000

4000

6000

0

50

100

150

200

250

1.8 1.82 1.84 1.86 1.88 0

1000

2000

3000

1.8 1.82 1.84 1.86 1.88
 (GeV)bcM

E
ve

n
ts

/6
 M

eV

450 ±29

1347±49 14397±132

5846±88

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 8



'

&

$

%

Results of D Semileptonic Decays

• D Semileptonic BR’s

Mode Tag (%) Untag (%) PDG’06 (%)

D0 → K−e+ν 3.58±0.05±0.05 3.56±0.03±0.11 3.51±0.11
D0 → π−e+ν 0.309±0.012±0.006 0.301±0.011±0.010 0.281±0.019
D+ → K̄0e+ν 8.86±0.17±0.20 8.75±0.13±0.30 8.6±0.5
D+ → π0e+ν 0.397±0.027±0.028 0.383±0.025±0.016 0.44±0.07

Ratio Γ(D0→π−e+ν)
Γ(D0→K−e+ν)

Γ(D0→π−e+ν)
Γ(D+→π0e+ν)

Γ(D0→K−e+ν)
Γ(D+→K0e+ν)

CLEO-c (8.5±0.3±0.1)% 1.95±0.15±0.14 1.02±0.02±0.02
1.99±0.15±0.10 1.03±0.02±0.04

PDG’06 8.0±0.6

• More precise results

• Ratios of
ΓD0

Γ
D+

consistent with isospin symmetry

• PDG’06 dominated by CLEO-c results from 56 pb−1

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 9
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Comparison with Other Results
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Form Factor Fits (Tagged)
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• Modified pole f+(q2) = f+(0)
(1−q2/M2

pole
)(1−αq2/Mpole)

⇒ simple pole (α = 0).

• Hill series expansion (Phys. Lett. B633, 61 (2006).

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 11
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Form Factor Fits (Untagged)
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Form Factor Fits (Tagged/Untagged)

1

2

3

4

5

6

7

1.7 1.75 1.8 1.85 1.9 1.95 2

DÛKe+ν
CLEO III

FOCUS

BELLE

BaBar

Tagged (281 pb−1)

Untagged (281 pb−1)

Mpole (GeV/c2)                 

1

2

3

4

5

6

1.4 1.6 1.8 2 2.2

DÛπe+ν

CLEO III

FOCUS

BELLE

Tagged (281 pb−1)

Untagged (281 pb−1)

Mpole (GeV/c2)                 

Mode Mpole (Tagged) Mpole (Untagged)

D → Keν 1.96±0.03±0.01 1.98±0.03±0.02
D → πeν 1.95±0.04±0.02 1.88±0.03±0.02
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Form Factors and Tests of LQCD
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Vcs and Vcd Results

With f+(0) from unquenched LQCD (PRL 94, 011601 (2005)) and Vcxf+(0)
values from fits → Vcs and Vcd

Mode Vcx ± (stat.) ± (sys.) ± (theory) PDG’06

D → πeν (tagged) 0.234±0.010±0.004±0.024 0.230±0.011
D → πeν (untagged) 0.229±0.007±0.005±0.024 0.230±0.011
D → Keν (tagged) 0.996±0.008±0.015±0.104 0.957±0.095
D → Keν (untagged) 1.014±0.013±0.009±0.106 0.957±0.095

• Expt.uncertainty Vcs < 2%,Vcd < 4%, LQCD∼ 10%.
• Alternatively, Vcs (W → cs) and Vcd = −Vus from

other experiments, we determine f+(0) (<2% for
f+(0)K , < 4% for f+(0)π) to test LQCD (∼10%).

• Tagged/Untagged: 40% overlap, DO NOT AVER-
AGE

• Results from untagged method are about to be sub-
mitted to PRL and PRD
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D → ρe+ν

• Five variables: q2, cos θ`, cosV , χ and MV

dΩ ≡ dq2d cos θπd cos θedχdm(ππ)

4-D (q2, cos θ`, cosV , χ) fit to data

dΓ

dΩ
= B(ρ → ππ)

3G2
F |Vcd|

2

8(4π)4
pρ0q

2
BW (m(ππ)) ×

{

(1 + cos θe)
2
sin

2
θπ|H+(q

2
, m(ππ))|

2

+(1 − cos θe)2 sin2 θπ|H−(q2, m(ππ))|2 + 4 sin2 θe cos2 θπ|H0(q
2, m(ππ))|2

+4 sin θe(1 + cos θe) sin θπ cos θπ cos χH+(q
2
, m(ππ))H0(q

2
, m(ππ))

−4 sin θe(1 − cos θe) sin θπ cos θπ cos χH−(q
2
, m(ππ))H0(q

2
, m(ππ))

−2 sin2 θe sin2 θπ cos 2χH+(q2, m(ππ))H−(q2, m(ππ))
}

H±(q
2
) = (MD + MV )A1(q

2
) ∓ 2

MDpV

MD + MV

V (q
2
),

H0(q
2
) =

1

2MV

√

q2

[

(

M
2
D − M

2
V − q

2
)

(MD + MV ) A1(q
2
) − 4

M2
Dp2

V

MD + MV

A2(q
2
)

]

A1(2)(q
2
) =

A1(2)(0)

1 − q2/M2
A

V (q
2
) =

V (0)

1 − q2/MV

RV ≡
V (0)

A1(0)
R2 ≡

A2(0)

A1(0)
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Form Factors in D → ρe+ν

• Improved BR’s
B(D0) = (1.56±0.16±0.09)×10−3

B(D+) = (2.32±0.20±0.12)×10−3
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• RV = 1.40 ± 0.25 ± 0.03,
R2 = 0.57 ± 0.18 ± 0.06

• First measurement of FF
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D+ → K−π+e+ν

D

W
K*

c

n
p

q
l

q
V

K

l

• dΓ
d cos θ`d cos θV dχdq2dmV

• A1(2)(q
2) =

A1(2)(0)

1−q2/M2
A

,

V (q2) = V (0)
1−q2/M2

V

RV ≡ V (0)
A1(0)

, R2 ≡ A2(0)
A1(0)

∫

|A|
2
dχ ∝











((1 + cos θ`) sin θv)2|H+(q2)|2|BW|2

+((1 − cos θ`) sin θv)2|H−(q2)|2|BW|2

+(2 sin θ` cos θv)2|H0(q
2)|2|BW|2

+8 sin2 θ` cos θvH0(q
2)h0(q

2)Re{Ae−iδBW}
O(A2)











H±(q2) = (MD + MV )A1(q
2) ∓ 2

MDpV

MD + MV

V (q2),

H0(q
2) =

1

2MV

√

q2

[

(

M2
D − M2

V − q2
)

(MD + MV ) A1(q
2) − 4

M2
Dp2

V

MD + MV

A2(q
2)

]

,

(S-wave h0 = H0 assumed when present in K∗)

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 18
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Form Factors in D+ → K−π+e+ν

• significant S-wave amp. confirmed (h0 6= 0), no evidence for d- or f-wave
(PRD 74 052001 (2006), two sets of event selection )

Feng Liu, Southern Methodist Univ. DPF 2006 & JPS 2006, Honolulu, Hawaii 19
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Rare D Semileptonic Decays

• L=281 pb−1, all results
are preliminary

Mode B(×10−4)

ηe+ν 12.9±1.9±0.7

K−π+π−e+ν 2.9+1.5
−1.1

±0.5

K1(1270)e
+ν 2.2+1.4

−1.1
±0.2

ωe+ν 14.9±2.7±0.5

η′e+ν <3 (@ CL=90%)

φe+ν <2 (@ CL=90%)

2)2 (GeV/c2MM
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

2 )2
Ev

en
ts

 / 
0.

01
 (G

eV
/c

0

1

2

3

4

5

6
)eν (+ e-π +π - K→ 0D

CLEO PRELIMINARY

Data
Est. Bkg

)2 (GeV/cππKM
0.8 1 1.2 1.4 1.6 1.8

)2
Ev

en
ts

 / 
0.

02
 (G
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1
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1.4
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1.8

2
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CLEO PRELIMINARY

• first observation of ηe+ν and K−π+π−(K1)e
+ν

• improved B(ωe+ν) and ULs for η′e+ν and φe+ν.
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Summary

• Precise inclusive lepton spectra

• Precise D semileptonic BR’s → Vcs and Vcd

• Precise results on D → Pe+ν form factors to test LQCD

• First study of FF in D → ρe+ν and confirmed significant S-wave amplitude
in D+ → K∗0e+ν.

• Seach for new mode, first observation of ηe+ν and K−π+π−e+ν

• We expect further improvement with more data (750 pb−1 planned).
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CLEO-c Detector

Solenoid Coil Barrel 
Calorimeter

Drift 
Chamber
Inner Drift Chamber /

Beampipe

Endcap
Calorimeter

Iron
Polepiece

Barrel Muon
Chambers

Magnet
Iron

Rare Earth
Quadrupole

SC  
Quadrupoles

SC Quadrupole
Pylon

2230104-002

CLEO-c

Ring Imaging Cherenkov
Detector

• CLEO-c:

� B=1 T;

� tracking (93% of 4π)
. 16 axial, 31 stereo lay.
. σp/p ∼ 0.6%

� CsI (95% of 4π)
. σE/E ∼5% @ 0.1 GeV

∼2.2% @ 1 GeV

� Hadron ID
. RICH (80% of 4π)+dE/dx
. εK>90% w/ few% fakes

� Electron ID
. RICH+dE/dx + CsI
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